We have measured shot noise in metallic single-walled carbon nanotubes of length L = 1 µm and have found strong suppression of noise with increasing voltage. We conclude that the coupling of electron and phonon baths at temperatures T e and T ph is described at intermediate bias ( 
Theoretical models based on mean-free path type of arguments have successfully been employed to explain experimental current-voltage characteristics of single-walled carbon nanotubes (SWNTs), and they indicate optical phonon generation with high phonon temperatures in measurements at large bias voltages [1] [2] [3] [4] [5] . In addition, time-resolved photoelectron spectroscopy has been used to probe energy relaxation between electrons and phonons in carbon nanotubes [6, 7] . Recently, high-bias electron transport studies in conjunction with Raman spectroscopy have been performed and direct confirmation of the high phonon temperatures of several hundred Kelvin has been obtained [8, 9] .
These investigations have addressed only the phonon temperature and the electronic temperature has not been determined. We have studied shot noise in single-walled nanotubes at high bias and employed the noise to determine the electronic temperature. Assuming that acoustic phonons remain at the substrate temperature, we can determine the relation for the heat flux between electron and phonon baths in SWNTs [10] . We compare our results with those obtained by Raman spectroscopy and find close agreement with the reported optical phonon temperatures.
For large electron-phonon (e-ph) or electron-electron scattering rates, the solutions of the diffusive Boltzmann equation tend towards a Fermi function, i.e., to a local equilibrium [11] :
, characterized by a local potential V (x) and a temperature T (x). Considering a 1D wire this yields for the Fano factor
where S I denotes the shot noise power and T e is the average electronic temperature. If , the well-known theoretical estimate due to hot electrons at an internal equilibrium [12] .
Besides the electronic heat conduction
, power flow P inel between electrons and phonons has to be taken into account when determining T (x) [13] . We have considered the standard energy balance model for the electron-sample phonon-substrate coupling, described for example in Fig. 1 of Ref. 14, in which the Joule heating P Joule dissipates either to the diffusive reservoir P diff or to the lattice via inelastic scattering P inel .
In such a model, the relative magnitude of P diff to P inel determines the magnitude of the
, valid in the limit T ph → 0; here ǫ Th = denotes Thouless energy. In Ref.
[15] the configuration for a typical nanotube sample is analyzed.
Its conclusion is that, at intermediate voltages, the electron-phonon heat transfer is the bottleneck and, consequently, shot noise can be employed to obtain information on e-ph coupling.
For the dissipated power P inel via e-ph interaction with Debye-like acoustic phonon spectrum [16] , one obtains when Debye temperature θ D = ω D /k B ≫ T (see also [10] ):
where Σ specifies the strength of the e-ph interaction per unit length, and the exponent α = 0 for a 1D sample. In general, α depends on the dimensionality of the electron and phonon systems, disorder and possibly on other factors [17, 18] .
For a single band of optical phonons with energy Ω, P inel is given by
where κ op describes the strength of the interaction between electrons and acoustic phonons via optical phonon modes [19] : κ op = κ e−op κ op−ac /(κ e−op + κ op−ac ), where κ e−op denotes the coupling between electrons and optical phonons and κ op−ac governs the relaxation of optical phonon branches to acoustic phonons.
In voltage-biased nanotubes, the energy of electrons ε is supplied by the voltage V . From the Debye-like acoustic phonon scattering, one obtains F ∝ V −(α+1)/(α+3) , which yields
For the e-op scattering, the behavior at large voltages can be approximated by the estimate
where we consider e-op coupling as the major relaxation channel. In our measurement setup at frequency f = 600-950 MHz, we use a liquid-helium-cooled low-noise amplifier (LNA) [20] . We determine the differential Fano factor F d =
2e
dS I dI using lock-in techniques, and obtain the average, excess noise Fano factor by F =
(S I (I)−S(0))/(2eI) [21] . The nonlinearity of the IV curve of the SWNT is taken into account using the scheme described in Ref. 22 . Our measured F is an approximation for the true Fano factor F because, with substantial V ds -induced sample heating, the noise does not fully cross over to the shot noise regime: the correction factor is at most ≈ coth
within 5% when F < 0.5, the main region of interest in our analysis. The results of shot noise measurements S I (I) is illustrated in the inset of Fig. 1 . Using the Khlus formula [23] , we may fit to the data and find F = 2 at very small voltage (V ds < 5 mV). Large F at low bias is a sign of cotunneling phenomena which are known to enhance shot noise in SWNTs [24] . At large bias, V ds > 0.5 V (above 7 µA in the inset of Fig. 1 ), S I tends to saturate, especially at negative bias voltages. This is similar to the behavior observed in semiconducting SWNTs [25] . the electronic system via electron-optical phonon coupling, and F is decreased even stronger.
By fitting to the data in Fig. 2 we find F ∝ V −0.6 ds at V ds > 100 mV and F ∝ V −0.45 ds at V ds < 100 mV. Other samples yielded similar values at high bias whereas somewhat larger variation in the exponent was observed at V ds < 100 mV. The semiclassical model with acoustic phonon scattering is thus only qualitatively consistent with our data. However, optical phonon scattering described by Eq. 4 is found to agree well with the high bias data at V ds 0.2 V using κ op = 2 · 10 2 W/m).
Encouraged by the success of semiclassical modeling, we have employed our shot noise results for thermometry to determine the average electronic temperature T e on the sample according to Eq. 1. Figure 3 displays the total heat flow due to dissipated power P Joule = IV ds vs. T e deduced from F . In order to estimate Σ and κ op , we neglect P diff , the contribution of which is small at high bias. A fit using T At the intermediate bias range 20 mV < V ds 200 mV (T e ≃ 100 K), we are also able to fit the exponent α = 0 with the data as seen by the red solid curve in Fig. 3 . This
phonons take over and we obtain a good fit of Eq. 3 to the data using κ op = 2 · 10 2 W/m
and Ω = 0.18 eV. [28] . Our result displays a different power law compared with the work of Moos et al. [7] who obtain a relation of T dependence ∝ 1/T e for the electron-phonon scattering time [29] .
In conclusion, using diffusive transport theory and shot noise measurements in SWNTs at high bias, we determined the electronic temperature which nearly coincides with phonon temperatures obtained recently by Raman spectroscopy in Refs. 9, 26, and 30. Consequently, optical phonons and electrons are nearly at the same temperature, which is in agreement with standard heat flow modeling with typical electron-phonon coupling parameters [4] .
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